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Elastic scattering of polarized protons from *®Ni at E,=192, 295, and 400 MeV
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Elastic scattering of polarized protons frofiNi has been measured at incident proton energies of 192, 295,
and 400 MeV. Optical model calculations employing relativistic impulse approximations and a microscopic
folding model using a nonrelativisti@ matrix are compared with the experimental results. In order to explain
the experiment further, it is necessary to use a density distribution deduced from the charge distribution
measured by electron scattering and to modify the nucleon-nucleon interaction in the nuclear medium by
altering coupling constants between nucleons and mesons and also adjusting the masses of exchanged mesons.
[S0556-28188)01804-4

PACS numbd(s): 25.40.Cm, 24.10.Jv, 24.78s, 27.40+z

[. INTRODUCTION the nonrelativistic potential changes its wein-bottle-bottom
shape drastically from attractive to repulsive, and to examine
Elastic scattering of protons has been successfully emwhether we need medium effects to explain the scattering. In
ployed as a probe to discern various microscopic approachébis paper, we report data on differential cross sections and
for nuclear interactions, because the ground state wave funanalyzing power angular distributions f&Ni at E, =192,
tion of the target nucleus used for elastic scattering is re295, and 400 MeV in scattering angles between 5° and 45° in
stricted by the charge distribution measured by electron scathe center-of-mass system.
tering and thus ambiguities due to the nuclear structure are
relatively small. In the 1980s, elastic scattering of polarized
protons at medium energies was an issue of long debate be-
tween the relativistic and the nonrelativistic approaches. Af- The experiment has been performed at RCNP. Polarized
ter the success of Dirac phenomenolddy-5] to explain  protons from an atomic-beam-type ion source were injected
even the polarization observables, we are at a stage to undeo the K=120 AVF cyclotron, accelerated to 65 Me\33
stand the scattering microscopically with the relativistic for-MeV, 39 MeV) for the experiments of final energy 400 MeV
malism. At intermediate energies the relativistic impulse ap{295 MeV, 192 MeV, and transported to the six-sector Ring
proximation (RIA) seems to explain the proton elastic Cyclotron of K=400. Before injecting the beam into the
scattering qualitatively by folding the nucleon-nucleonRing Cyclotron and after extracting it from the Ring Cyclo-
(N-N) interaction with the density distribution of the target tron, beam polarization was measured continuously by
nucleus. Murdock and Horowiff] have calculated the pro- sampling-type beam line polarimeters at intervals of 10—-30
ton elastic scattering oft°0, 4°Ca, and?°%Pb between 200 sec[14]. Before injection, elastic scattering from the carbon
and 400 MeV using the RIA and obtained qualitative agreein a CH, foil was measured by Csl detectors for the estima-
ment with experimental data. Their calculation reproducesion of the beam polarization. After the extraction from the
the polarization observables remarkably well. Tjon, WallaceRing Cyclotron,p-H scattering in a CH foil was utilized for
and Ottensteifi7,8] have calculated the elastic scattering off the beam line polarimeter by using coincident scattered pro-
40ca by the RIA(IA2) based on the general representation ofton and recoiled proton signals. Background events from the
the N-N scattering amplitudes in the full Dirac space andreaction of'%C (p,2p) were estimated by measuring,2p)
obtained good agreement with experimentally observed difevents from the pure carbon target in a separate run. A typi-
ferential cross sections at 800 MeV. Thus the RIA seems teal beam polarization was approximately 65%. After accel-
relate theN-N interaction inside the nucleus directly to the eration to the final energy of 400 MeY295 MeV, 192
nuclear reaction. By using the RIA we are now in a positionMeV), the polarized beam was extracted, passed through the
to investigate a change in thg-N interaction inside the second beam line polarimeter, and transported to the target
nucleus, namely, a medium effect. On the other hand, theenter. The beam energy from the Ring Cyclotron was cali-
Hamburg group has proposed a nonrelativisBcmatrix ~ brated[15] by using two-body kinematics. We measured the
[9,10] which can be used for the optical potential at interme-angles where peaks frop-H elastic scattering ang-'°C
diate energies. They have calculated the elastic scattering ofelastic scattering overlapped in the energy spectrum. Using
protons off 12C at 200 MeV and described the experimentalQ values for the reaction, the incident proton energy was
results. At present most of the experimental data at intermezalculated, assuming the same magnetic field distribution for
diate energies are limited to double closed shell nuclei suckarious magnetic fields and a linear relation between the mo-
as “°Ca[11,12, °°zr [13] and 2°%Pb[12,13. It is therefore mentum and the magnetic field measured by the NMR probe
interesting to measure elastic scattering for other nuclei, tembedded in the spectrograph. The accuracy of the beam
compare their predictability at intermediate energies, wherenergy thus measured was abdu® MeV. A typical beam

II. EXPERIMENT
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slit system in the beam transport line. The beam halo was

monitored by plastic scintillators placed along the beam line. FIG. 2. A typical position spectrum of Grand Raiden for the
Finally, the beam was stopped by an internal Faraday cuproton scattering ofP®Ni.

made of a 10.5-cm-thick tantalum block placed inside the

scattering chamber. The charge collection efficiency of theesolution of the obtained energy spectrum was about 300
Faraday cup was calibrated by a large specially made Far&eV. In Fig. 2 we show a typical position spectrum of the
day cup in separate runs and was found to be consisteproton scattering off®Ni nuclei. Cross sections and analyz-
within a 3% error. The integrated beam current was moniing powers are calculated by correcting for the efficiencies of
tored by a current digitizer. The beam current incident on theéhe wire chambers for each run. In Fig. 3 we display our
target was altered between 0.5 and 5 nA, depending on thmeasured cross sections and analyzing powers.

scattering angle. The beam current was limited by the dead
time of the data-taking system at forward angles and by the
leak current of the wire chamber at backward angles. The
dead time of the data-taking system was kept less than 10% |n this section we compare our data with the prediction of
during the beam time. For th&Ni target, two kinds of self-  three types of models, two relativistic impulse approxima-
supporting metal foils of 5.86 mg/cm(99.9% enrichment  tions and a nonrelativistic microscopic model. Then we at-
and 100.1 mg/crh (99.9% enrichmentwere used for for- tempt to improve the agreement by using realistic densities
ward angles and backward angles, respectively. Scatteres the target nuclei and by modifying the coupling constants
protons were analyzed by a QSQDMR: quadrupole; S:  and the masses of exchanged mesons if\tHé interaction
sextupole; D: dipole; M: multipoletype magnetic spectrom- as a medium effect.

eter named “Grand Raiden.” The maximum magnetic rigid-
ity of the spectrometer was 5.4 Tm, and the momentum dis-
persion of the spectrograph was 21.35 m. A schematic design
of the high resolution magnetic spectrograph Grand Raiden First we compare our experimental data with the RIA cal-
is shown in Fig. 1. Since particles cross the focal plane at anulations of Murdock and Horowitz6] (MH). The solid
inclination of 45°, the momentum spectrum of the protoncurves in Fig. 3 represent the RIA calculations with the
was detected by two setX, U and X', U’) of vertical  Pauli-blocking effect correction used in the method of MH.
drift chambers(VDC's) each with an effective area of 120 The density distributionévector and scalar densities for pro-
cm (width) X 10 cm(heighd which were placed in the focal tons and neutronsused for the>®Ni target nuclei were cal-
plane of the spectrometer. The maximum drift length of theculated using the relativistic Hartr¢®H) approximation of
VDC was 1.0 cm. For reading the VDC signals we used aHorowitz and Serot. These are shown in Fig. 4. Although the
drift-chamber read-out system supplied by LeCroy. The datsolid curves in Fig. 3 reproduce the analyzing power pre-
collection and monitoring were performed using a VAX cisely, the angular distributions of the cross section are
work station with the J11 combined with the on-line analyzerpoorly reproduced, especially at backward anglesger

of the Q system developed at LAMPF. The start signal forthan 30°), where the momentum transfer is more than 2
the VDC’s was taken from the coincident signals of the twofm ~1. Since cross sections at forward angles, where the Ru-
layers of 1-cm-thick plastic scintillators placed down streamtherford scattering is the dominant mechanism, are repro-
of the VDC. Data reduction was performed off line. From duced quite well by the calculation, the ambiguity in the
the position and angular data obtained from the VDC meaabsolute value of the experimental cross section is small.
surements, we constructed position spectra in the focal plan&his tendency is the same for all three energies. The dashed
Because of the energy spread of the beam, the total energyrves in the figure represent the calculatiaf] employing

Ill. DISCUSSION

A. Model comparison
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proton densities are shown. The solid curve is a density distribution
FIG. 3. Experimental data for the elastic scattering ¥Mi at  deduced from the charge distribution measured by electron scatter-
192, 295, and 400 MeV. The solid curves and the dashed curvegg. The dashed curve represents the proton density determined by
correspond to the relativistic impulse approximation calculation usthe relativistic Hartree calculation of Horowitz and Serot. The dot-
ing the interaction of the relativistic Love-Franey model of Horow- teqd curve represents a relativistic Hartree calculation performed by
itz and co-workers and the interaction of Tjon and Wallace, respeckaki with different parameters and the nonlinear meson field of
tively. The dotted curves represent the nonrelativistic microscopicroki. (b) Relative shapes for the point proton and the point neutron
optical potential calculations using th@ matrix of von Geramb. (istribution are compared. The solid curve is the calculated point
These three models fail to explain the angular distributions of dif'proton distribution multiplied by 30/28, which is equal to the neu-
ferential cross sections in this energy region. tron distribution, assuming the proton and neutron distributions are

. . L the same. The dotted curve is the neutron distribution calculated
the RIA 1A2 by Tjon and Wallac¢7]. The density distribu- sing the relativistic Hartree codé) The baryon density for pro-

tion was calculated with the RH approximation using theions and the scalar density for protons are compared foPii
parameter TMZ17] of Toki, which is capable of reproduc- nycleus(d) The baryon densities for protons and neutrons are com-
ing even the density distribution of unstable nu¢l8]. The  pared for the®®Ni nucleus.

TM2 parameter gives almost the same baryon density as the

calculation of Horowitz and Serot as indicated by the dOtteqﬂethod of von Geramb and the experimental values in-

curve in Fig. 4a). The 1A2 calculation reproduces the ex- .roases In particular, this deviation is large in analyzing

perimental results at 400 .MeV, except at backward anglespowers at 400 MeV. In summary, none of the three models
AL 192 MeV and 295 MeV it overestimates the cross Seclionjigiad above can satisfactorily explain the experimental data.

as shown in Fig. 3. The predicted analyzing powers deviatg;s is trye in particular with regard to differential cross

frorg tlhose obsterveddextptehrlmentally at t_192 '\geX' T?r(]a 'Atzsection data. Among the three models, only that of MH ex-
model seems to predict the cross sections better than the. .\ e analyzing power precisely.

approach of MH at all three energies. However, with regar
to the analyzing power the 1A2 prediction is worse than that
of MH. The dotted curves in Fig. 3 represent the calculation
of the scattering using a nonrelativistic Scllimger-type op- Before setting out on a search for the medium effect, we
tical potential. We have calculated the nonrelativistic Schroconsider the sensitivity of polarization observables on
dinger optical potential using th& matrix of von Geramb meson-nucleon coupling constants. As is shown in Fig. 5, if
[9], following the procedure of Rikus and von Gerafd®].  we increase the coupling constants of the sigma and omega
The density distribution used was obtained by unfolding themesons by 10%, for example, holding their relative ratio
free proton charge form factor from the charge distributionconstant, the analyzing power and tQeparameter change

of the sum of Gaussian typé&9] deduced from electron scat- very little, while the cross section increases according to the
tering experiments. At 192 MeV the nonrelativistic optical increase of the coupling constant as indicated by the dashed
potential explains the experiments fairly well, providing a curves. The solid curves represent the original calculations of
description nearly equivalent to that provided by the RIAMH. In these calculations we have used the original density
approaches. It also overestimates the cross section at baddistributions generated by the RH calculation. Even if we
ward angles. For Ay the prediction deviates from the experiincrease both of the coupling constants by 50%, the devia-
ments even at 192 MeV. In general, as the incident energtion of the angular distribution of polarization observables is
increases, the deviation between the prediction given by theguite small as shown in Fig. 6, and the original form of the

B. Ratio of the coupling constants
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FIG. 5. RIA calculations with different meson-nucleon coupling  FIG. 6. RIA calculations with different meson-nucleon coupling
constants. Solid curves correspond to the original RIA calculatiorconstants. Solid curves represent the original RIA calculation of the
of the Horowitz type. The dashed curves represent the calculationdorowitz type. The dashed and the dotted curves correspond to the
with coupling constants increased by 10% for both the sigmacalculations with a 50% increase of coupling constanes, f2—
meson-nucleon case and the omega meson-nucleon case, while th&f2 and f2— 1.5f2) and a 50% decrease of coupling constants
dotted curves display the calculation with coupling constants defi.e., f2— 0.5f2 and f2— 0.5f2) for both sigma meson-nucleon
creased by 10% for both of them. The dot-dashed curves represeahd omega meson-nucleon constants, respectively.
the calculation with a 10% increase of the sigma meson-nucleon
coupling constant and a 10% decrease of the omega meson-nucleon

coupling constant. The thick-dotted curves correspond to calcula[",JCIeus is almost constant and equal to 0.96, as is shown in

tions with a 10% decrease of the sigma meson-nucleon coupling'g' 4(c). In Figs. 4b) and 4d) we compare vector densities
constant and a 10% increase of the omega meson-nucleon couplif@f neutrons and protons in the same RH calculation code.
constant. If we maintain the ratio between sigma and omega melhe ratio of these quantities is also almost constant and equal
sons, polarization observables are stable. to 30/28. Thus by partially using the results of the RH cal-
ulation we can obtain four types density distributions nec-

angular distribution is maintained. But if we decrease one Ogssary for the RIA calculation from the electron scattering

the c_oupling constants bY 100? Whilezincreazsing th‘; Otherexperiments. In Fig. 7 we show the calculation of the differ-
coupling constant by 10%.e., f2—0.9f, andf; —1.1f.),

btai e diff X iar distribut £ 1h | ential cross sections and the analyzing powers for the three
we obtain quite ditferent anguiar distributions of the po arf@roton incident energies. The dashed curves represent the

::z'atlzn ﬁbservables atsh sh%wn by t'he th'dl(. dotted (t:u%/Ses ! riginal RIA calculation of MH. The dotted curves represent
'gl' 1f'2 ijge"%r‘;?z ethc alr:gets., n coup Ilng CondS al : c(J the calculation using the density distribution deduced from
—1.1f; andf,—0.9f,), the situation is similar as depicte the charge distribution. The dotted curve explains the experi-

by the dot-dashed curves in the figure. Thus we unders‘t"’““rﬁ#ents better, while keeping the quality of the fitting for the

that the reason the model of MH s able to describe theanalyzing power the same as the original. In the calculations

behavior of polarization observables is that the ratio of the . R
coupling constants of the sigma meson-nucleon and th orresponding to the dotted and dashed curves in Fig. 7 we
ave included the effect of Pauli blocking according to the

omega meson-nucleon used in this model is near the tru d by Murdock and H ) H h
value. Although ten mesons are used in the MH model fofProcedure by Murdock and Horowif®]. However, there

the N-N interaction, coupling constants other than those 01zstill exist large discre_pancies betwee_n the experimentally ob-
sigma and omega mesons affect the predictions only slightlyserved and the predicted cross sections.

C. Distribution of baryon and scalar densities in 5Ni D. Search for coupling constants and meson masses

In order to focus on the problem of the medium effect, we
adopt the density distribution obtained by unfolding the free If we continue to use the frel-N interaction inside the
proton charge form factor from the charge distribution of thenucleus, we cannot account for the cross section at backward
sum of Gaussian type deduced from the electron scatteringngles even by using the most realistic baryon and scalar
experimen{19]. However, for the RIA we need four types of densities for>®Ni. Thus we need to modify the coupling
density distributions, namely, baryon and scalar densities ofonstants and the masses of exchanged mesons, since their
protons and neutrons. According to the calculation of RHcharacter can be changed in the nuclear medium. In the RIA
[20], using the computer code by Horowigt al. [21], the  of the MH model, we use B-N scattering amplitude of the
ratio of the scalar density to the baryon density for i relativistic Love-Franey model of the following form:
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whereD and X indicate the direct and exchange terms. The
direct and exchange momentum transfers qrand Q, re-
spectively. The coupling constant and mass ofithemeson

are denoted by; andm; . The quantitiesA; and T are the
cutoff parameter for the contribution of théh meson and

the total isospin of the two-nucleon system, as defined in
Ref.[6], andB, (j) is the(L(j), L) component of the Fierz
transformation matrix21]. In order to improve the fit to the
experimental data, we have changed the coupling constants
and masses of the sigma and omega mesons in the above
N-N scattering amplitude according to the following for-
mula:
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FIG. 7. Experimental data and the RIA calculations with modi-

fied interaction. Dashed curves are the results of the original RIA _ p(r) _ —{p(r)
calculation using the code of Horowitz and coworkers and the pa- m;, mj—m;| 1+ bj —) , 1+ bj(—) },
rameters of the relativistic Love-Franey model. The dotted curves Po Po
represent a similar calculation as above but using a density distri- =00

bution deduced from the electron scattering. The solid lines repre-
sent a calculation with modified coupling constants and meso

. . . "From the survey in the previous subsection, we know that in
masses in thé&l-N interaction.

order to reduce the cross section while maintaining a good
LS. Vo PS 5 5 reproduction of the polarization observables we must modify
F=F>+F Yo YwutF Y07 the coupling constants while keeping their ratios constant. At
each incident energy we have searched for appropriate

density-dependent paramete@,gj,bj,bj of the meson-

Here the subscript€0) and (1) refer to the incident and nucleon coupling constants and the meson masses. In free
struck  nucleons, respectively.  The  superscriptsSPace, where the density of the target is zero, the coupling
S, V, PS, T andA designate scalar, vector, pseudoscalarFO”Sta”ts and masses qf mesons are ar'rar.lged to be the same
tensor, and axial vector parts of theN scattering ampli- @S those_ _of t_he freBI-N interaction, but |n_S|de the nucleus
tude. The Lorentz invarian@&t (L=S, V, PS T,andA) the rr_lod_lﬂcatlon is assumed to _be proportlonal to the nucl_eon
may be written in the MH model as density in the above parametrization. If we express various
nuclear many-body effects in terms of the nuclear density,
M2 which is assumed to be small at a normal nucleus, we can
FY(q,E.) =i H[FE(QH F(Q)1, obtain a lowest order approximation of the influence of this
che density by retaining effects, which are first order in this pa-
rameter. The dashed curves in Fig. 7 represent the original
Ly — RIS Horowitz model calculation. But if we change the four den-
Fo(a) 2 Sy (To T)ITHA), sities to realistic values, as described in the previous section,

T, pv A.5 Mmoo .5
+F 0100 (1) v T FY(0)Y(0) Y1) Y-

TABLE I. Medium effect coefficients for the meson-nucleon coupling constants and the masses of the
exchanged meson are shown at each incident proton erefda,) is a density-dependent coefficient for

the coupling constant of the sigma meson in the (eahginary part of the scattering amplitudes,(b,) is
a density-dependent coefficient of the exchanged sigma meson mass in tiemegahary part of the
scattering amplitudes.

2 2
Js mg 90 m,,

(o8 o

192 MeV 0.1980  0.5948 0.0116 0.1940 0.3415 0.9253-0.0154 -0.0127
295 MeV 0.1943 0.2506 —0.0009 0.0766  0.2373  0.3448 0.0100 —0.0219
400 MeV 0.3215 0.5294 0.0221  0.2154 0.3506  0.5589-0.0060 —0.0027
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the calculation yields results shown by the dotted curves. In
addition, if we introduce the medium modification to the I1;=a;
N-N interaction, the calculation gives the solid curves, keep-
ing the fit to polarization observables almost the same. The 2 g2
parameters used here are shown in Table I. Coupling con-; ‘2 =7 ) 5
stants decrease about 20—30 %, but the change of the mesBrit M t11;  a°+mi+a;(p/po) +b;(p/po)q
masses is at most 2% at normal density. The parameters 5
obtained have a slight spread. They also depend on the initial _ 9j
arameters used in the original relativistic Love Franey in- - 2. 2
Itoeraction. The main part of tg:we decrease of the couplingycon— [1+bylplpo)]a™+m;+ay(plpo)
stants may be in Pauli blocking. Pauli blocking reduces scat- 9 1
tering inside the nucleus. If there were no Coulomb potential, = ! ) ~
the effect of the decrease and the increase of the coupling 1+bj(p/po) 2 m;+a;(p/po)
constants would affect the cross section directly by decreas- 1+b;i(p/po)
ing and increasing the cross section in the entire angular
region. But for the scattering of protons frorfNi, the scat- gjz
tering amplitudes at forward angles are dominated by the ~\1x b;(p/po)
Coulomb part. In the figure, the experimentally determined
cross section of forward angles is described well by the calThe above final formula due to Kohmura is similar to our
culation. This implies that ambiguities in the absolute valuegormula of medium modification. Thus by fitting to our ex-
of the experimental cross section are small. Thus the crogserimental data, we are in a position to obtain information on
section at backward angles reflects scattering by the nucle@ie density and momentum dependence of the additional
interaction, and the original calculation using the MH modelterm of the meson propagator. Here, the reduction of the
overestimates the scattering at backward angles. That is, dcattering caused by Pauli blocking is described by the mass
overestimates the scattering inside the nucleus. Thus the deperator proportional to the density multiplied by the square
crease of the coupling constants may be explained by thef the momentum 4qg?). On the other hand, the density de-
Pauli-blocking effect. On the other hand, the decrease in thpendence of the meson mass arises from the difference be-
mass of exchanged mesons may affect the scattering by shifiyeen the coefficients of the density-dependent term and the
ing the diffraction pattern backwards. In our parametrizationierm oqu The origin of the additional terrfi; may be due
of the medium effects, the cutoff parametgrhas been kept  to the Pauli-blocking effect, thal-N polarlzatlon effect on
constant according to the following reasons. The change ahe meson exchange interactif®2], and/or a quark effect
the cutoff parameted; affects the angular distributions only [23].
slightly, compared to the large effects caused by the change Our results differ from the analysis by Brovet al. [24]
of the coupling constants and the masses of mesons. THer the proton elastic scattering offCa, 58Ni, and 2°%Pb at
effect of the density dependence of the cutoff parameters i500 MeV and 800 MeV. They succeeded in explaining the
similar to that of the density dependence of the masses @fross section data by a 15% decrease of the nucleon mass at
mesons and has been already taken into account effectivebormal densityp, in the nonrelativistic impulse approxima-
by the density dependence of the masses of mesons. tion, which corresponds to a 15% decrease of sigma and
Thus we can fit the experimentally determined angulalomega meson masses. Although they did not give the calcu-
distribution of the elastic scattering of protons at mediumiation for polarization observables, their standpoint is the
energies by changing the coupling constants and the masseame as ours: By using realistic density distributions and the
of exchanged mesons. Although many other mesons contriframework of the impulse approximation, one may derive the
ute to the reaN-N interaction, it is well known that contri- medium effect. Since we cannot neglect the Pauli-blocking
butions from mesons other than sigma and omega mesoRsfect at our incident proton energy between 200 MeV and
are negligible to the elastic scattering frdw=Z nuclei. In 400 MeV, we must take this effect into account by introduc-
other words we can define the medium effect on sigma anthg a density-dependent coupling constant. In addition, we
omega mesons precisely by studying elastic scattering frorave introduced different density-dependent coefficients for
N=Z nuclei. the real and imaginary parts of the scattering amplitudes.
According to the theory of Kohmura and co-workg22],  Thus, as is shown in Table I, the obtained parameters have a
the medium effect of the propagator of exchanged mesons ilight spread. Although ambiguities in the obtained param-
considered to be the change of the mass operator of the meters due to error propagation are sniatbout 10%, there
son propagator: can be some discrete ambiguities in the parameter sets. In
order to fix the parameters and to firmly establish the me-
dium effect, we need further systematic experimental data

p
Po

+b( Q>+,

Po

1
q?+me+(aj— b)) (plpo) |

2 2 . . . .
9j 9 and a theoretical guide for reducing the number of density-
q?+m’ e me+11;° dependent parameters.
IV. SUMMARY

Here the additional ternbl; in the above meson propagator
is introduced as a medlum effect. If we expadrd in terms We have measured elastic scattering of polarized protons
of p andg?, we have off &Ni at 192 MeV, 295 MeV, and 400 MeV. The analysis
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of the data was performed using two types of relativisticuted to the medium effect. Further systematic studies both
impulse approximations, namely, those of Horowitz, Serotfrom the experimental and theoretical sides are necessary to
and Murdock, and Tjon and Wallace. A nonrelativistic mi- firmly establish the medium effect.

croscopic optical potential analysis was also performed by
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